Usher syndrome (USH) is the most common cause of inherited deaf-blindness, manifested as USH1, USH2 and USH3 clinical types. The protein products of USH2 causative and modifier genes, USH2A, ADGRV1, WHRN and PDZD7, interact to assemble a multiprotein complex at the ankle link region of the mechanosensitive stereociliary bundle in hair cells. Defects in this complex cause stereociliary bundle disorganization and hearing loss. The four USH2 proteins also interact in vitro with USH1 proteins including myosin VIIa, USH1G (SANS), CIB2 and harmonin. However, it is unclear whether the interactions between USH1 and USH2 proteins occur in vivo and whether USH1 proteins play a role in USH2 complex assembly in hair cells. In this study, we identified a novel interaction between myosin VIIa and PDZD7 by FLAG pull-down assay. We further investigated the role of the above-mentioned four USH1 proteins in the cochlear USH2 complex assembly using USH1 mutant mice. We showed that only myosin VIIa is indispensable for USH2 complex assembly at ankle links, indicating the potential transport and/or anchoring role of myosin VIIa for USH2 proteins in hair cells. However, myosin VIIa is not required for USH2 complex assembly in photoreceptors. We further showed that, while PDZ protein harmonin is not involved, its paralogous USH2 proteins, PDZD7 and whirlin, function synergistically in USH2 complex assembly in cochlear hair cells. In summary, our studies provide novel insight into the functional relationship between USH1 and USH2 proteins in the cochlea and the retina as well as the disease mechanisms underlying USH1 and USH2. † Present address:
Introduction
Usher syndrome (USH) is the leading cause of inherited deaf-blindness, with a prevalence of 1 in 6000 people worldwide (1) (2) (3) (4) . Among the three clinical types of USH, type 1 (USH1) is the most severe form, characterized by congenital profound deafness, vestibular areflexia and onset of retinal degeneration (i.e. retinitis pigmentosa) before 10 years of age. Type 2 (USH2) is the most common form and manifests as congenital moderate to severe hearing impairment, little balance problem and onset of retinitis pigmentosa by the teenage years. The molecular basis underlying these USH clinical types is not completely understood, and there is no cure available (5) .
In the inner ear, the stereociliary bundle on the apex of cochlear hair cells is the critical structure for mechanotransduction (6) (7) (8) . This structure has three graded rows of actin-based stereocilia and one transient microtubule-based kinocilium. ADGRV1, usherin and whirlin are the protein products of the USH2 causative genes, ADGRV1, USH2A and WHRN, respectively, and PDZD7 is the protein product of the USH2 modifier gene, PDZD7 (9) (10) (11) (12) . The four USH2 proteins interact with one another and constitute a multiprotein complex, the USH2 complex (also known as ankle link complex), at the cytoplasmic region of ankle links (13) (14) (15) (16) , which are a mesh of thin fibers connecting stereocilia at their bases and exist only during development (17) . Defects in the USH2 protein complex cause disorganization of the stereociliary bundle, loss of individual stereocilia or entire stereociliary bundle and eventually hearing loss (13, (18) (19) (20) (21) . The proteins encoded by USH1 genes also interact with one another and form various multiprotein complexes and interstereociliary links in the stereociliary bundle. For example, harmonin, USH1G and myosin VIIa form a complex at the upper tip link density (UTLD) and are involved in adaption of mechanotransduction in mature hair cells (22) (23) (24) (25) (26) (27) (28) (29) .
Interestingly, biochemical assays have demonstrated that USH2 proteins interact directly in vitro with USH1 proteins including myosin VIIa, USH1G, harmonin and CIB2 (13, (30) (31) (32) . However, no studies have been conducted to systematically examine the role of the USH1 proteins in USH2 complex assembly during hair cell stereociliary bundle development. Furthermore, harmonin, which has three PDZ domains, is paralogous to USH2 scaffold proteins, PDZD7 and whirlin (12, 14, 33) . Whether these three paralogous PDZ domain-containing proteins function together in cochlear hair cells have not yet been explored. In this study, we investigated the effect of loss of USH1 proteins on the assembly of the USH2 complex in cochlear hair cells during development. We focused on the USH1 proteins known to interact with USH2 proteins. We also carefully compared the USH2 complex defects in Pdzd7 and Whrn singleand double-mutant cochlear hair cells. Our findings provide novel insight into the functional relationship between USH1 and USH2 proteins and the molecular pathogenesis underlying USH1 and USH2. This knowledge might help future development of mechanism-based therapies for USH1 and USH2.
Results

Myosin VIIa interacts with the PDZ domains of PDZD7
Myosin VIIa, encoded by the USH1B gene, was previously shown to interact directly with ADGRV1, usherin and whirlin (13, 34) . In this study, we investigated whether myosin VIIa also interacted with PDZD7. We double-transfected HEK293 cells with a FLAG-tagged myosin VIIa fragment without the ATPase motor domain (the myosin VIIa tail) and GFP-tagged PDZD7 fragments (Fig. 1A) . FLAG pull-down experiments (Fig. 1B) demonstrated that myosin VIIa tail was able to pull down full-length PDZD7 protein as well as the PDZD7 PDZ1 and PDZ3 fragments. Myosin VIIa tail was unable to pull down the PDZD7 PDZ2 fragment and the negative control GFP protein. Therefore, myosin VIIa is able to interact with PDZD7 through its PDZ1 and PDZ3 domains but not its PDZ2 domain.
Myosin VIIa determines the distribution of the four USH2 proteins at the ankle link region in cochlear hair cells
Because myosin VIIa is able to interact with all four USH2 proteins in vitro, we studied the role of myosin VIIa in the localization of the USH2 complex during cochlear hair cell development using Myo7a Fig. 2) , similar to those previously reported in other Myo7a mutant strains (35, 36) . To avoid the confounding effect of secondary defects due to the severe morphological defects in Myo7a 7J/7J cochlear stereociliary bundles, we performed our experiments at postnatal day 4 (P4), 2 days after the formation of the USH2 complex, when the USH2 protein signals just become robust (13, (15) (16) (17) (18) 34, 37) . Compared with wild-type cochleas ( Fig. 2A) Table S2 ). The usherin fluorescent signal largely disappeared in Myo7a 7J/7J IHC (100%) and OHC (100%) stereociliary bundles ( Fig. 2C and Supplementary Material, Table S2 ). These ADGRV1 and usherin signal patterns were consistent with a previous report in the IHCs of a different Myo7a mutant mouse line Myo7a 4626SB at P6 (13) .
The distributions of whirlin and PDZD7 were also affected in the absence of myosin VIIa. Fig. S2 ). Because we previously reported that the protein level of whirlin is normal in Myo7a 7J/7J retinas (38) and that whirlin recruits ADGRV1 and usherin to the periciliary membrane complex in photoreceptors (39) , this result indicates that the localization of ADGRV1 and usherin in Myo7a 7J/7J photoreceptors is probably normal. Therefore, the role of myosin VIIa in USH2 complex assembly is not the same in hair cells and photoreceptors.
USH1G interacts with the cytoplasmic region of ADGRV1 and usherin in vitro, but is dispensable for the normal localization of USH2 proteins in cochlear hair cells USH1G (also known as SANS) interacts directly with whirlin through the whirlin PDZ1 and PDZ2 domains (30) and also interacts with PDZD7 (33) in vitro. In this study, we investigated whether USH1G interacted with ADGRV1 and usherin. USH1G is a cytoplasmic protein; therefore, its interactions with ADGRV1 and usherin would occur inside cells. We thus cotransfected HEK293 cells with FLAG-tagged ADGRV1 or usherin cytoplasmic fragment and GFP-tagged full-length USH1G. FLAG pull-down assays (Fig.  3A) showed that FLAG-ADGRV1 and FLAG-usherin cytoplasmic fragments were able to pull down GFP-USH1G but not GFP. Additionally, FLAG tag was unable to pull down GFP. These results indicated that USH1G interacts specifically with ADGRV1 and usherin cytoplasmic fragments. However, USH1G was previously reported to colocalize only partially with whirlin when cotransfected in COS7 cells and not to colocalize with USH2 proteins in cochlear hair cells (15, 24, 40) . To test the possibility that USH1G associated with USH2 proteins transiently during the transport of USH2 proteins to the ankle link region and thus played a role in the localization of the USH2 complex in cochlear hair cells, we performed immunostaining of Ush1g js-2J (referred to hereafter as Ush1g
2J/2J
) cochleas for USH2 proteins. We first identified the Ush1g 2J/2J mutation as c.302_456del
(NM_176847) using the mouse genomic DNA by PCR and DNA sequencing (not shown). At the protein level, this mutation (p.Leu81GlyfsTer103) led to a protein fragment truncated before any predicted USH1G functional domains. Therefore, the Ush1g
mouse was Ush1g-null. In Ush1g 2J/2J mice at P4, the stereocilia were severely splayed and disorganized in the stereociliary bundle, similar to those reported in Ush1g is mice, a different Ush1g mutant mouse line (35) . Among the stereociliary bundles in the entire Ush1g 2J/2J cochlea, we chose the ones less disorganized to examine USH2 protein localization ( Fig. 3B-D) . ADGRV1 ( Fig. 3B ) and usherin ( Fig. 3C ) remained at the base of stereocilia, similar to wild-type mice ( Fig. 2A) . Whirlin was localized normally at both the tip and the base of the stereocilia (Fig. 3D ). The percentages of Ush1g 2J/2J IHCs and OHCs with abnormal ADGRV1, usherin or whirlin distribution were very low and are shown in Supplementary Material, Table S2 . We previously showed that PDZD7 was normally localized in the cochlear stereociliary bundle of Ush1g
mice (16) . Therefore, unlike myosin VIIa, despite the in vitro interaction of USH1G with each of the USH2 proteins, USH1G is dispensable for the localization of the USH2 complex in cochlear hair cells. CIB2 plays an insignificant role in the localization of Ush2 proteins in cochlear hair cells CIB2 was recently identified as the causative gene for USH1J and nonsyndromic autosomal recessive deafness DFNB48 (32) . Its protein CIB2 was previously reported to interact with whirlin in vitro (32) . Therefore, we studied whether CIB2 was important for the localization of USH2 proteins in cochlear hair cells during development. Unlike other USH1 proteins that have been extensively studied in various mouse models, CIB2 has been studied mainly in zebrafish and drosophila by morpholino and RNA interference-mediated knockdown, respectively (32) . We generated Cib2 tma1 mice (referred to as Cib2 -/-mice thereafter), in which a gene trap cassette was inserted between exon 3 and exon 4 of the Cib2 gene (Supplementary Material, Fig. S3 ) and is expected to affect the expression of all four Cib2 splice variants.
We tested the hearing function of Cib2 -/-mice to examine whether the Cib2 -/-mice exhibit hearing impairment similar to that observed in USH1J and DFNB48 patients as well as in cib2 knockdown zebrafish (32) . Auditory brainstem response (ABR) tests found that the response thresholds of Cib2 -/-mice to sounds at 4-45 kHz were significantly elevated at P35 (Fig. 4A) . Therefore, Cib2 -/-mice had profound hearing loss. Distortion product otoacoustic emission (DPOAE) tests at the same age also showed significantly high thresholds in Cib2 -/-mice at the f 2 frequencies of 8-32 kHz (Fig. 4B) , indicating that the cochlear OHCs were dysfunctional in Cib2 -/-mice. We further assessed the balance behaviour of Cib2 -/-mice at P40 by rotarod tests. To our surprise, although Cib2 -/-mice did not show obvious circling or head bobbing behaviour, they were unable to stay on the rotating rod as long as their wild-type littermates (Fig. 4C) , indicating that the vestibular system, probably the utricle and saccule, of Cib2 -/-mice might have defects.
Phalloidin staining of Cib2 -/-cochleas at P4 showed that the morphology of Cib2 -/-stereociliary bundles was grossly normal with three rows of stereocilia (Fig. 5) , unlike the stereociliary bundles in other USH1 mutant cochleas, which were usually split into several tufts (e.g. Fig. 2B ,D,E, 3C and D, 5C and D) (35) . The planar cellular polarity of the stereociliary bundles in Cib2 -/-cochleas also appeared normal. Because of the low resolution of phalloidin staining compared with scanning electron microscopy, we did not measure the length and width of individual stereocilia. The most obvious abnormality in Cib2 -/-cochlear hair cells at P4 was the small ectopic stereocilia extending from the bundle toward the medial side on the OHC apexes (1.9% from 1569 wild-type cells, n 14 pups; 29.2% from 349 Cib2 -/-cells, n 8 pups, blue arrows in Fig. 5A,C and D) . Occasionally, ectopic stereocilia were also observed on the IHC apex (6.1% from 556 wild-type cells, n 14 pups; 16.7% from 114 Cib2 -/-cells, n 8 pups, red arrow in Fig. 5A ).
Despite these defects, immunostaining of Cib2 -/-cochleas at P4 demonstrated that ADGRV1 (Fig. 5A) , usherin (Fig. 5B) , whirlin ( Fig. 5C ) and PDZD7 (Fig. 5D) were normally localized at the base of stereocilia, with whirlin also normally located at stereociliary tips ( Fig. 5D ) in all IHCs and OHCs examined (Supplementary Material, Table S2 ). These findings suggest that CIB2 is not necessary for USH2 protein localizations in cochlear stereociliary bundles and CIB2 protein may not interact with USH2 proteins in vivo.
Harmonin, a PDZ domain-containing Ush1 protein, is not essential for localization of the Ush2 protein complex in cochlear hair cells
Among all USH1 proteins, harmonin, encoded by the USH1C gene, is paralogous to the two scaffold proteins in the USH2 complex, whirlin and PDZD7 (12, 33) . Despite the existence of alternative splicing in the genes encoding these three proteins, their long isoforms all have three PDZ domains, a proline-rich region and several harmonin N-like domains (14, 28) . The PDZ1 domain of the harmonin a1 splicing isoform, similar to the PDZ1 and PDZ2 domains of whirlin and PDZD7 (12, 14, 41) , interacts directly with the PDZ-binding motif of ADGRV1 and usherin (31) . Additionally, harmonin a1 was shown to associate with PDZD7 in the mouse retinal lysate (33) . Based on these findings, we studied whether harmonin was important for USH2 complex localization at the ankle link region during cochlear hair cell development. We performed immunostaining for each USH2 protein at P4 in Ush1c -/-mice (42). Because Ush1c -/-stereociliary bundles were usually splayed and divided into multiple stereociliary tufts (42) , examination of USH2 protein localization was conducted in the stereociliary bundles with a relatively better morphology. ADGRV1, usherin and PDZD7 were present at the stereociliary bases, and whirlin was present at both the stereociliary tips and bases in all Ush1c -/-IHCs and OHCs examined ( Fig. 6 and Supplementary Material, Table S2 ). The USH2 protein distributions in Ush1c -/-cochleas were indistinguishable from those in wild-type cochleas ( Fig. 2A) . Therefore, although harmonin is a close paralog of whirlin and PDZD7 and is localized in cochlear stereociliary bundles, harmonin is not involved in the localization of the USH2 complex in cochlear hair cells.
The PDZ domain-containing USH2 proteins, whirlin and PDZD7, play a synergistic role in usherin localization in cochlear hair cells
We previously reported that the two paralogs of harmonin, PDZD7 and whirlin, are both required to interact with ADGRV1 and usherin to form the USH2 quaternary protein complex (14) . In cochlear hair cells, PDZD7 is essential for the localization of ADGRV1, usherin and whirlin, while whirlin plays only a minor role in the localization of ADGRV1 and is not involved in the localization of usherin or PDZD7 (15, 16) . We here studied whether PDZD7 and whirlin functioned synergistically in localizing ADGRV1 and usherin in cochlear hair cells during development. We generated Pdzd7 DPOAE at P45 (Fig. 9) 
Discussion
This study is the first to thoroughly examine the role of USH1 proteins in the assembly of the USH2 complex at ankle links in cochlear hair cells, multiprotein complex critical for a stereociliary bundle organization during development. We demonstrated that myosin VIIa, associated with USH subtype 1B, is indispensable for normal localization of USH2 proteins and thus USH2 complex assembly in cochlear hair cells. This finding indicates a functional interaction between myosin VIIa and USH2 proteins in cochlear hair cells and an overlap between the molecular mechanisms underlying USH1B and USH2 pathogenesis. However, myosin VIIa plays an insignificant role in the USH2 complex assembly in retinal photoreceptors, supporting the notion that USH2 complex assembly is not exactly the same between cochlear hair cells and retinal photoreceptors. Additionally, although other USH1 proteins interact with USH2 proteins in vitro, we found that these USH1 proteins did not appear to function in USH2 complex assembly in vivo, as demonstrated by normal localization of USH2 proteins in the cochlear hair cells of the mutant mice lacking these USH1 proteins. These findings suggest that the previously reported in vitro interactions between USH1 and USH2 proteins (31) unlikely occur at the stereociliary base in cochlear hair cells. Finally, our study on the three paralogous PDZ domain-containing USH proteins, the USH1 protein harmonin and the two USH2 proteins PDZD7 and whirlin, showed that PDZD7 and whirlin function synergistically in USH2 complex assembly, while harmonin is not involved in this process in cochlear hair cells. The functional significance of myosin VIIa in the USH2 complex could extend to all USH2 complex components, although these components have not yet been identified completely. Vezatin, an integral membrane protein, interacts with usherin and myosin VIIa in vitro (43) and transiently colocalizes with ADGRV1 at ankle links during stereociliary bundle development (13) . Vezatin is thus thought to be a component of the USH2 complex in hair cells. In Myo7a 4626SB mutant mice, the distribution of vezatin at the stereociliary base is perturbed (13) . Additionally, myosin VIIa partially overlaps USH1 proteins at distinct stereociliary positions (24, 25, 32, (44) (45) (46) (47) (48) (49) , since myosin VIIa is localized along the entire stereocilia during mammalian cochlear development (23, 35, 50, 51) . Myosin VIIa interacts in vitro with USH1 proteins including CDH23, PCDH15, harmonin and USH1G (23,24,51,52) and is essential for harmonin and PCDH15 localization in stereociliary bundles (35, 51, 53) . Therefore, myosin VIIa is likely a linker between the USH1 and USH2 complexes at the stereociliary bundle in hair cells. Myosin VIIa is an actin-based motor protein with a slow ADP releasing rate and a long lifetime binding to actin filaments (54) . In cochlear hair cells, myosin VIIa may take part in transporting USH1 and USH2 proteins from the cell body to the stereociliary bundle and/or tethering USH1 and USH2 proteins to actin filaments in the stereociliary bundle. These two potential functions of myosin VIIa could exist simultaneously or one could be more predominant than the other.
Harmonin is localized at the stereociliary tip during embryonic development and moves to the UTLD during postnatal development in mouse cochleas (23) (24) (25) 35) . At the UTLD, harmonin is involved in mechanotransduction through interactions with CDH23, myosin VIIa and USH1G (23) (24) (25) over whirlin in ADGRV1 localization as well as stereociliary bundle morphology and function (15) . The similar ABR/DPOAE phenotypes between Pdzd7 -/-;Whrn neo/neo mice and Pdzd7 -/-mice also suggest that the different degrees of defective usherin localization at the stereociliary bundle may contribute insignificantly to hearing loss. In summary, our findings shed new light on the molecular mechanisms underlying stereociliary bundle development, which is crucial to understand the biology and mechanotransduction in cochlear hair cells. Furthermore, the findings in this study provide new clues to the disease mechanisms underlying hearing loss in both USH1 and USH2 and might be valuable for developing mechanism-based therapies in the future. , MGI: 4437562) mice were generated as described previously (16, 21, 42) . All experiments involving animals were approved by the Institutional Animal Care and Use Committee at the University of Utah.
Materials and Methods
Animals
RNA isolation, reverse transcription-polymerase chain reaction (RT-PCR) and DNA construct cloning Total RNA was isolated from mouse retinas and inner ears using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) and was used to generate cDNAs using oligo(dT) or random primers by ThermoScript TM RT-PCR system (Life Technologies, Carlsbad, CA, USA). Myosin VIIa tail cDNA (2799-6908 bp in NM_001256081 corresponding to 847-2215 aa in NP_001243010) was cloned into p3xFLAG-Myc-CMV-26 vector (Sigma-Aldrich, St. Louis, MO, USA) at the NotI and EcoRI sites, and USH1G full-length cDNA (66-1448 bp in NM_176847 corresponding to 2-461 aa in NP_789817) was cloned into pEGFP-C1 vector (Clontech Laboratories, Inc., Mountain View, CA, USA) at the BamHI and EcoRI sites using standard molecular cloning approach. The constructs of GFP-PDZD7 FL (2-1021 aa, NP_001182194), GFP-PDZD7 PDZ1 (84-164 aa, NP_001182194), GFP-PDZD7 PDZ2 (209-289 aa, NP_001182194), GFP-PDZD7 PDZ3 (856 -944 aa, NP_001182194), FLAG-ADGRV1-c-ter (6149-6298 aa, NP_473394) and FLAG-usherin-c-ter (5044-5193 aa, NP_067383) were made and described previously (14) .
Antibodies
Rabbit polyclonal antibodies against GFP (full-length), myosin VIIa (1-997 aa, NP_001243010), ADGRV1 (1212-2211 aa, NP_473394), usherin (5053-5193 aa, NP_067383), whirlin (721-800 aa) and PDZD7 (680-1021 aa, NP_001182194) were generated previously (15, 16) . The specificity of these antibodies was verified by the presence of immunoreactivity in wild-type cochlear hair cells and lack of immunoreactivity in cochlear hair cells of the corresponding mutant mice (USH protein antibodies) or by the presence of immunoreactivity in GFP-transfected HEK293 cells but absence of immunoreactivity in non-transfected HEK293 cells (GFP antibody). Alexa fluorochrome-conjugated phalloidin and secondary antibodies (Life Technologies, Carlsbad, CA, USA), monoclonal mouse antibody against FLAG (F1804, SigmaAldrich, St. Louis, MO, USA) and horse radish peroxidaseconjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) were purchased commercially.
Immunofluorescence
Postnatal mouse cochleas were dissected and fixed in 4% formaldehyde/PBS for 40 min (myosin VIIa, usherin and whirlin immunostaining), 2 h (PDZD7 immunostaining) or overnight FLAG pull-down assay and immunoblotting analysis HEK293 cells (ATCC, Manassas, VA, USA), grown in Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 mg/ml streptomycin, were double transfected with GFP-tagged and FLAG-tagged cDNA plasmids using PEI, according to the manufacturer's protocol (Polysciences, Inc, Warrington, PA, USA). Cells were harvested 24 hours after transfection and homogenized in lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% (v/v) Triton X-100, 5 mM EDTA, 1 X protease inhibitor and 1 mM DTT). After centrifugation at 21,000 X g for 10 min, the supernatants of cell lysates were incubated with anti-FLAG M2 agarose affinity gel (A2220, Sigma-Aldrich, St. Louis, MO, USA) for 2 h or overnight with gentle agitation. The agarose beads and their binding proteins were then spun down, washed four times with lysis buffer and boiled in Laemmli sample buffer for 5 min. Standard immunoblotting procedures were followed using mouse monoclonal anti-FLAG M2 antibody and rabbit GFP antibody (14) .
Auditory brainstem response (ABR), distortion product otoacoustic emission (DPOAE) and rotarod tests ABR and DPOAE tests were conducted as previously described (16) . Briefly, mice were anaesthetized by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). Body temperature was maintained at 37 C using a heating lamp. An electrostatic speaker (EC-1, Tucker-Davis Technology, Alachua, FL, USA) fitted with a 1.5-cm long polyethylene tube was placed abutting the ear canal through a small incision at the tragus. Stimuli for ABR were digitally generated in SigGenRP, processed by a RX6 real-time processor and passed through a PA5 attenuator prior to delivery to the speaker. Recording electrodes were placed under the skin at the vertex and mastoid, and a remote ground electrode was placed in the rump area. ABR responses were bandpass (100-3000 Hz) filtered, amplified, digitized and averaged with a RA16BA processor controlled by TDT BioSigRP software. ABR thresholds were determined as the lowest sound pressure levels (SPL) at which the response was clearly discernible. DPOAEs were tested using an ER-10B6 microphone (Etymotic Research, Elk Grove Village, IL, USA) coupled with two EC1 speakers. Stimuli of two primary tones f 1 and f 2 (f 2 /f 1 ¼1.2) were presented with L 2 ¼ L 1 -10 dB. Primary tones were stepped from 30 to 80 dB SPL (L 1 ) in 10 dB increments and swept from 8 to 32 kHz in 1 =2 octave steps (f 2 ). Stimuli were generated and attenuated digitally (200 kHz sampling). The ear canal sound pressure was preamplified and digitized. A fast Fourier transformation was computed, and the sound pressures at f 1 , f 2 and 2f 1 -f 2 were extracted after spectral averaging from 50 serial waveform traces. DPOAE thresholds were determined as the lowest L 1 SPLs at which the 2f 1 -f 2 distortion product was observable above the noise floor.
Rotarod testing was performed exactly as described previously (56) .
Statistical analysis
Two-tailed Student's t-tests assuming equal variances were performed using Microsoft Office Excel. A P-value of < 0.05 was considered to indicate a significant difference between the values from two different groups.
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